In western Japan, rice grain damage from high temperatures has recently been severe. The adverse effects of high temperature on rice ripening can be accentuated by water management practices. In field experiments carried out under different weather conditions, the early drainage decreased yield, grain weight, and quality in 2008, but early drainage had no effect on brown rice yield in 2009 or 2010. Decreases in grain weight, yield, and the percentage of perfect grain in the dry regime in 2008 compared with the wet regime of the years can be explained by the early drainage during the early grain-filling period. In 2010, the mean daily temperature averaged over the 20 days after heading was 29 , and the percentage of perfect grains was low. The combination of high temperature and abundant radiation during the grain-filling period may explain the low proportion of perfect grains without a decrease in grain weight in 2010. The effect of drainage was smaller in 2010, when the high temperatures caused rapid senescence and shortened the grain-filling period. Thus, grain filling may have been completed before the water shortage could reduce the availability of CO2 to a critical level.
Introduction
In western Japan, high air temperatures during the grain-filling stage of rice (Oryza sativa L.) decrease grain yield and quality. Temperatures above the optimum impair dry matter production and generally decrease grain size (Morita and Nakano, 2011) . Rice cultivars grown in western Japan are sensitive to high temperatures and short sunshine duration during panicle emergence (Morita, 2008) . Thus, the improvement of rice culture methods to increase yields under the warmer temperatures projected to be caused by climate change is urgently needed.
The adverse effects of high temperature on rice ripening can be exacerbated by crop management practices. In particular, early drainage may reduce grain quality during hot summers (Nagahata et al., 2005; Morita, 2008) . The reduced water supply during the panicle formation and grain-filling period is intended to improve the operating efficiency of large harvesting machines. Photosynthesis of rice plants during the grain-filling period contributes most of the final grain carbon content (Yoshida, 1981) , and it is also one of the main metabolic processes impaired by water stress (Flexas and Medrano, 2002) . A better understanding is therefore needed of the effect of water management practices during the ripening period on photosynthesis and yield.
Early drainage has marked effects on CO2 assimilation, on carbon allocation, and ultimately on growth and grain yield in rice. Nicolas et al. (1984) reported that drought decreases grain size by shortening the duration of grain filling, and the combination of high temperature and drought reduces the duration more than either by itself. If drought and high temperature significantly reduce photosynthesis for a sufficiently long period, then stem carbohydrate content will eventually decline, as carbohydrates are consumed to maintain the plant's respiratory metabolism and hydraulic adjustment (McCree, 1986) .
Changes in CO2 assimilation caused by changes in water status are clarified by measuring physiological responses in the field. The net CO2 assimilation by an individual leaf can be directly measured with instruments such as a steady-state porometer, and stomatal responses to the environment have been studied in rice. Although many studies have examined the effect of water stress on rice photosynthesis and stomatal conductance during the whole growth period, few studies have focused on the effects of water status during the grain-filling period in pot experiments Takami, 1979, 1983; Scartazza et al., 1998) or on a field scale (Yang et al., 2001) . In particular, the responses of photosynthesis, the consequent changes in CO2 assimilation, and their effects during the ripening and senescence stages should be investigated. Moreover, changes in carbon isotope ratios in plant tissue show time-integrated photosynthetic responses related to the interaction of crop management practices and the environment (Shangguan et al., 2000; Dercon et al., 2006) .
A better understanding is needed of the effect of water management on leaf CO2 assimilation and its relationship to grain yield. The objectives of this study were to analyze the effects of early drainage on (1) net CO2 assimilation and other leaf traits and (2) grain size and yield under high temperature. To achieve this, field experiments were carried out from 2008 to 2010 under different weather conditions with the rice cultivar Hinohikari, which is currently the most commonly grown cultivar in western Japan (Yagi et al., 1990) .
Materials and Methods

Site description and experimental design
The study was conducted during 2008-2010 at the National Agricultural Research Center for Western Region in Fukuyama, Hiroshima, Japan (34°30'N, 133°23'E; elevation, 2 m above sea level). The mean annual temperature was 15.7 during the study period. 
Measurement of environmental conditions
Sensors were mounted at the center of the experimental area in this study. Air temperature and humidity were measured by temperature probes (CS215, Campbell Scientific, Logan, UT, USA) set 1.6 m above the ground. The paddy water depth was monitored with water-pressure-type water level sensors (M86, Meteo Electron, Sapporo, Japan). In flooded fields, the water level sensor was set on the soil surface, and after drainage it was set 0.3 m beneath the soil surface. Volumetric soil water content (VSWC) was measured by inserting time-domain reflectometer (TDR CS616, Campbell Scientific) sensors into the soil in the range from 0 to 0.10 m. Photosynthetic photon flux density (PPFD) was measured at 1.6 m above the ground with a quantum sensor (PAR-01, Pread, Tokyo, Japan) at 1-min intervals, and the data was stored as 60-min averages on a data logger (CR23X, Campbell Scientific).
Leaf gas exchange and isotopic composition
Leaf gas exchange was measured on fully expanded topmost and second leaves with a portable photosynthesis measurement system (LI-6400, Li-COR Co., Lincoln, NE, USA). The net CO2 assimilation provided by red/blue light-emitting diodes. The leaf chamber reference CO2 concentration was maintained at 380 µmol mol -1
, the temperature was approximately 30 , and the relative humidity was 60% 10%. Gas-exchange parameters were recorded as soon as the topmost expanded leaf was enclosed in the chamber and the system software indicated that CO2, H2O, and air flow in the chamber had stabilized. After the measurements, the leaves were harvested and their carbon isotopic composition ( 13 C) and nitrogen content were determined as described below.
The leaves were oven-dried at 80 for at least 48 h and then ground into fine powder in a vibration mill (Heiko Co. Ltd., Tokyo, Japan) for the analysis of 13 C. Approximately 2 mg of leaf sample was weighed in a tin cup and combusted in an elemental analyzer (Flash EA 1112, ThermoFinnigan Co., Bremen, Germany) coupled to an isotope ratio mass spectrometer (Delta Plus Advantage, ThermoFinnigan) by a Conflo III interface. The leaf nitrogen content (leaf N) was also determined with the elemental analyzer.
Yield and yield components of brown rice
To determine yield, we analyzed yield components and grain quality from each replication harvested at physiological maturity. The number of panicles was counted after harvest. Yield and 1000-grain weight were recorded as the weights of whole filled grains of brown rice adjusted to a 15% grain water content. Perfect grains were graded by the inspection system, and grain quality was measured by a grain quality inspector (RGQI 10A, Satake, Japan).
Statistical analysis
Means were compared by the least significant difference (LSD) test (P 0.05). Statistical analyses were conducted with R statistical software (R version 2.10.1, R Foundation for Statistical Computing, Vienna, Austria).
Results
Microclimate conditions and water status
The "baiu" (monsoon) precipitation zone reaches western Japan in late May, then migrates northward, and is gone by mid-July in an average year. In 2008, the summer hot season started and ended earlier than is typical in Japan, and typical dry conditions prevailed after the summer monsoon. The 10-day-mean air temperature in 2008 was above 28 from -40 to 0 days after heading (DAH) (Fig. 1a) ; subsequently, it fell to 26 or less. In 2009, the 10-day-mean air temperature never exceeded 28 , whereas in 2010, it exceeded 29 from -20 to 20 DAH. The 10-day-mean vapor pressure deficit (VPD) from -30 to -10 DAH in 2009 was about half that during the same period in 2008 (Fig. 1b) . The highest values of both air temperature and VPD were observed in 2010 from -10 to 20 DAH. The baiu stalled over western Japan in 2009, leading to lower VPD and PPFD values that year (Figs. 1b,  c) . The pattern of variation in 10-day-mean PPFD was similar to that in air temperature. Rainfall was heavy In 2008, irrigation was stopped 20 days before heading in the dry regime; the water level became zero at 14 days before heading and gradually decreased to -0.22 m at 22 DAH (Fig. 2a) . The change in VSWC was similar to that in the water level each year ( , respectively, because 5.0 mm of rain fell 4 days before heading in 2008. In general, the VSWC began to decrease when the water level became zero. In the semi-dry regime, the water level became zero about 7 to 13 DAH during 3 years (Fig. 2) . 
Net CO2 assimilation rate and leaf nitrogen after drainage
Leaf N concentration gradually decreased from before to after heading because N was applied only once as basal fertilizer (Fig. 4) (Fig. 5) . AN in the dry regime rapidly decreased to a lower value than in the wet regime at -6 DAH in 2008 and -8 DAH in 2009 after drainage, but it did not differ significantly between the wet and dry regimes after heading. Scartazza et al. (1998) C appeared among years in dry regime (data not shown).
Yield components
In 2008 and 2009, the grain weight at maturity was significantly greater in the wet regime than in the dry regime-by 3.0% to 3.6% (Table 1 
Discussion
Effect of early drainage on leaf CO2 assimilation
The early drainage before heading in 2008 probably caused the temporary decrease in AN; thus, in 2008, dry condition caused the grain weight to be lighter. In 2008, AN responded rapidly to drainage and was lower before heading in the dry regime, but the difference in AN between the wet and dry regimes decreased as ripening proceeded (Fig. 5) . The grain weight and brown rice yield were significantly smaller in the dry regime than in the wet regime (Table 1 ). The amount of assimilated CO2 available for grain growth in the early grain-filling period is the sum of concurrent and stem-stored photosynthetic products (Morita, 2008; Tsukaguchi and Iida, 2008) . Therefore, the decreases in grain weight, yield, and the percentage of perfect grains in the dry regime in 2008 compared with the wet regime can be explained by the early drainage during the early grain-filling period.
In 2009 and 2010, the brown rice yield did not differ significantly among regimes (Table 1) . During this study, water level and VSWC sometimes increased after rain, and brief rainfalls shortened the water shortage period (Figs. 2 and 3) , when rice plants are subjected to dry conditions during the early grain-filling period but are occasionally supplied with water with a subsequent return to aerobic conditions. Water stress during the grain-filling period reduces photosynthesis, induces early senescence, and shortens the grain-filling period, but it also increases the compensatory mobilization of assimilates from the straw reserve to the grains (Kobata and Takami, 1979; Dingkuhn and Gal, 1996) . Furthermore, AN was more than 10 µmol m -2 s -1 at about 20 DAH, which was a higher value than those reported values in water-stressed rice leaves (Centritto et al., 2009) . Therefore, the differences in water management practices only weakly affected the ability of the plant to assimilate CO2. In this study, dry regime had earlier drainage than the farmers' usual practices as we hoped to clarify the effects of drainage times. Thus, the availability of CO2 may have been sufficient under typical water management by local farmers. 4.2 Rice grain weight and quality under high temperature Many previous studies have shown that high temperatures during the grain-filling period cause the formation of immature grains with white portions. When the daily temperature averaged over 20 DAH exceeds 27 , the proportion of immature grains with white portions increases sharply with increasing temperature (Wakamatsu et al., 2007; Wakiyama et al., 2010) . In this study, only 23% to 25% of the grains ( Table 1) that ripened under the daily temperature of 29 averaged over 20 DAH in 2010 were perfect grains. Although in this study transplanting was carried out earlier than usual to ensure hotter conditions, the proportion of perfect grains resulting from the high temperature is similar to the proportion observed in the rice cultivar Hinohikari in Kagoshima, southern Japan (Wakamatsu et al., 2007) .
One cause of the low proportion of perfect grains is hypothesized to be a source limitation. The increase in the rate of grain growth at high temperature does not fully compensate for the reduction in the duration of the grain growth period (Tashiro and Wardlaw, 1989) . It is likely that the assimilate supply for starch synthesis becomes the limiting factor when ripening is accelerated and respiration is enhanced (Hirai et al., 2003) . Many studies have shown that a deficit of assimilate supply during the grain-filling period increases the percentage of milky grains, but it hardly affects the percentage of grains with basal white parts (Tsukaguchi and Iida, 2008) . In this study, the 1000-grain weight of 20.3 g in 2010 was not less than the values in the other years (Table 1 ). This result suggests that the amount of solar radiation during the early grain-filling period in 2010 enhanced the assimilate supply from the leaf, compensating for the effects of the high temperature on grain weight. The basal white and white-backed grains form at the late grain-filling stage, when the ability of the plant to synthesize starch has already declined (Tashiro and Ebata, 1975) . The combination of high temperature and abundant radiation through the grain-filling period would lead to the low proportion of perfect grains not accompanied by a decline in grain weight, as observed in 2010. (Fig.  4) , suggesting that the high temperature after heading enhanced senescence. Researchers suspect that high air temperature during the grain-filling period induces early senescence and shortens the grain-filling period (Tashiro and Wardlaw, 1989; Yang et al., 2001 (Fig. 5) . High AN during the grain-filling period in 2008 coincided with decreased air temperature and VPD after heading, prolonging growth and contributing to the larger grain size in that year. Thus, high AN through the grain-filling period might determine the grain size and result in a relatively higher the sensitivity to early drainage.
Further support for early senescence in 2010 comes from the change in leaf 13 C from before to after heading. C becomes more negative as mass is lost at senescence, as a result of a higher relative abundance of isotopically light lignin (Fernandez et al., 2003; Bowling et al., 2008) . In 2010, 13 C showed a decreasing trend after heading, different from the trends in the other years (Fig. 6) . The depletion of 13 C indicates that the high temperatures both before and after heading caused rapid senescence. Our results suggest that the drainage effect was relatively smaller with the extremely higher temperatures of 2010 than the effect at moderately high temperatures. A possible explanation for this difference may be the shorter duration of grain filling; grain filling may have been largely completed before the water shortage reduced the availability of CO2 assimilate to a critical level (Wardlaw, 2002) .
Conclusion
Field experiments with the rice cultivar Hinohikari, currently the most commonly planted cultivar in western Japan, were carried out during 3 years under different weather conditions. Our results suggest that the drainage effect was smaller at extremely high temperatures. The amount of solar radiation during the early grain-filling period in 2010 enhanced the assimilate supply from leaf to grain despite the high temperatures. However, prolonged high temperature during the late grain-filling period can also lead to early senescence and decrease the proportion of perfect grains. The combination of high temperature and abundant radiation through the grain-filling period can thus explain the low proportion of perfect grains in 2010 even though the grain size did not decline. Meanwhile, high photosynthetic activity during the grain-filling period accompanied by reduced air temperature and VPD after heading prolonged growth in 2008. High AN through the grain-filling period might thus determine both the grain size and the sensitivity to early drainage. Although enhanced photosynthesis does not directly cause an increase in grain weight or the proportion of perfect grains, physiological mechanisms involving the acceleration of plant senescence and carbon remobilization need to be further investigated.
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